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MOTOR DRIVE APPARATUS AND ELECTRIC
POWER STEERING SYSTEM USING THE
SAME

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s based on and incorporates herein by

reference Japanese patent application No. 2010-122420 filed
on May 28, 2010.

FIELD OF THE INVENTION

The present invention relates to a motor drive apparatus for
driving a motor and an electric power steering system using
the same.

BACKGROUND OF THE INVENTION

As a system for assisting vehicle steering operation, an
clectric power steering system, which operates electrically to
generate torque, 1s provided. An electric power steering sys-
tem disclosed 1n, for example, JP 2008-44451A has an elec-
tric motor for applying steering assist force to a steering
system, a motor drive circuit for driving a motor, a power
supply relay circuit for supplying electric power from a bat-
tery to the motor drive circuit, and the like. The electric power
steering system determines abnormality 1n a power supply
path by monitoring a voltage level appearing at a side, which
1s connected to a power stabilizing capacitor 1n the power
supply relay circuit.

A wire-break failure 1n the power supply path includes two
cases, 1 one of which the power supply relay cannot be
turned on and 1n the other of which a wire between a power
source and the power supply relay 1s broken. According to JP
2008-44451 A, 1t 1s checked whether the relay has an open-
failure or a battery power supply wire has a wire-break based
on whether the voltage level at the side connected to the power
stabi1lizing capacitor of the power supply relay circuit rises. It
1s therefore necessary to monitor rise of the voltage level for
a period of time to check whether the battery power supply
wire has the wire-break or the power supply relay has the
open-failure.

SUMMARY OF THE INVENTION

It 1s therefore an object of the present invention to provide
a motor drive apparatus, which 1s capable of specilying a
location of wire-break failure.

According to one aspect of the present invention, a motor
drive apparatus i1s provided for driving a motor having a
plurality of coil sets. The motor drive apparatus includes a
plurality of inverter circuits provided for each of the coil sets
tor supplying electric power from a power source to the coil
sets, a plurality of shut-oil circuits connected to the power
source through a power supply wire and to the 1nverter cir-
cuits for shutting oif the power supply from a power source
side to 1nverter circuit sides, and a control circuit including a
switching control part, a conduction state check part and a
wire-break determination part. The switching control part
controls switching-over of conduction and shut-off of the
shut-ofl circuits. The conduction state check part checks
whether the power 1s supplied to a motor side from shut-oif
circuits side with respect to each of the shut-oif circuits. The
wire-break determination part determines that the wire
between the. power source and the shut-off circuits 1s broken,
if more than a predetermined number of the shut-oif circuits
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are determined to fail to supply power to the motor side, when
the plurality of shut-ofl circuits are controlled to turn on by

the switching control part.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, features and advantages of the
present invention will become more apparent from the fol-
lowing detailed description made with reference to the
accompanying drawings. In the drawings:

FIG. 1 1s a schematic diagram of an electric power steering,
system according to a first embodiment of the present inven-
tion;

FIG. 2 1s a circuit diagram of a motor drive apparatus
according to the first embodiment of the present invention;

FIG. 3 1s a flowchart of failure check processing according,
to the first embodiment of the present invention;

FIG. 4 1s a flowchart of failure check processing according,
to a second embodiment of the present invention;

FIG. 5 1s a flowchart of short-circuit failure check process-
ing according to the second embodiment of the present inven-
tion;

FIG. 6 1s a flowchart of wire-break failure check processing,
according to the second embodiment of the present invention;
and

FIG. 7 1s a flowchart of the wire-break failure check pro-
cessing according to the second embodiment of the present
invention.

L1

DETAILED DESCRIPTION OF TH.
EMBODIMENT

A motor drive apparatus according to the present imnvention
and an electric power steering (EPS) system using the motor
drive apparatus are described below with reference to the
accompanying drawings.

(First Embodiment)

An electric power steering system according to a {first
embodiment of the present invention 1s shown in FIG. 1,
which shows entirety of an electric power steering system.

An electric power steering system 100 1s provided 1n a
steering system 90 of a vehicle. In this system, a steering
sensor (not shown in FIG. 1) and a torque sensor 95 are
provided to a steering shait 92 of a steering wheel 91. The
steering sensor 1s for detecting a rotation angle of the steering
shaft 92. The torque sensor 95 1s for detecting a steering
torque applied to the steering wheel 91. One axial end of the
steering shait 92 1s coupled to a rack shaft 97 through a gear
96. A pair of tires (wheels) 98 1s coupled to both ends of the
rack shaft 97 through tie rods and the like. The rotational
motion of the steering shait 92 1s thus translated to the linear
motion of the rack shait 97 by the gear 96, and the tires 98 at
left and right are steered by an angle corresponding to an
amount of linear motion of the rack shaft 97.

The electric power steering system 100 includes a motor 2
as an electric motor for generating steering assist torque, a
motor drive apparatus 1 for driving the motor 2, a rotation
sensor (not shown) for detecting a rotation angle of the motor
2, and a gear 89 for transferring rotation of the motor 2 to the
steering shait 92 by reducing the rotation speed of the motor
2. The motor 2 1s a three-phase brushless motor, which drives
the gear 89 1n forward and reverse directions. The electric
power steering system 100 transfers to the steering shaft 92
steering assist torque, which corresponds to steering direction
and steering torque of the steering wheel 91. The motor 2 has
a stator, a rotor and a shatt, which are not shown. The rotor 1s
disk-shaped to rotate with the shaft. Permanent magnets are
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attached to a peripheral surface of the rotor to provide mag-
netic poles. The stator internally accommodates and rotatably
supports the rotor. The stator has protrusions, which protrude
in the radially inward direction and are spaced apart a prede-
termined angle 1n a circumierential direction.

AsshowninFIG.2,aUlco1l11,aV1coil12,aW1co1l 13,
alU2coil 14, a V2 co1l 15 and a W2 coil 16 are wound about
the protrusions. The Ul coil 11, the V1 co11 12 and the W1 coil
13 are connected 1n a A-shape to 10. provide a first coil set 18.
The U2 coil 14, the V2 coil 15 and the W2 coil 16 are
connected also 1n a A-shape to provide a second coil set 19.
Each of the coil sets 18 and 19 1s connected 1n the A-shape. It
may however be connected 1n a Y-shape. A rotation angle
sensor (not shown) 1s attached to the motor 2 for detecting a
rotational position 0 of the rotor. The rotation angle sensor 1s
a resolver. It 1s possible to estimate the rotor rotation angle
based on a voltage or a current of each phase without using the
rotation angle sensor.

The motor drive apparatus 1 has an electronic control unit
3, which 1s configured as shown 1 FIG. 2 for driving the
motor 2. The control unit 3 has a first inverter circuit 20 and a
second mverter circuit 30, a control circuit 30, power supply
relays 61 and 62 as a shut-oif circuit, relay output voltage
detection circuits 71 and 72, and the like. Two inverter circuits
20 and 30 are provided as two systems for power supply. In
case of three or more systems, the similar configuration 1s
added 1n parallel.

The first mverter circuit 20 1s a three-phase inverter, in
which six switching elements 21 to 26 are connected 1n a
bridge to switch over current supply to the Ul coil 11, the V1
coil 12 and the W1 coil 13 in the first coil set 18. The switch-
ing elements 21 to 26 are metal-oxide-semiconductor field-
elfect transistors (MOSFETs), which are one type of field-
cifect transistors. The switching elements 21 to 26 are
referred to as FET 21 to 26, respectively.

Drains of the three FETs 21 to 23 are connected to a power
source side. Sources of the FETs 21 to 23 are connected to
drains of the FE'Ts 24 to 26, respectively. Sources ol the FETs
24 to 26 are connected to the ground. A Ul junction 27
between the FET 21 and the FET 24, which are paired, 1s
connected to one end of the Ul coil 11. A V1 junction 28
between the FET 22 and the FET 25, which are paired, 1s
connected to one end of the V1 coil 12. A W1 junction 29
between the FET 23 and the FET 26, which are paired, 1s
connected to one end of the W1 coil 13.

The second inverter circuit 30 1s also a three-phase inverter
similarly to the first inverter circuit 20. In the second inverter
30, six switching elements 31 to 36 are connected in a bridge
to switch over current supply to the U2 coil 14, the V2 coi1l 15
and the W2 coil 16 1n the second coil set 19. The switching
clements 31 to 36 are also MOSFETSs. The switching ele-
ments 31 to 36 are referred to as FETs 31 to 36, respectively.

Drains of the three FETs 31 to 33 are also connected to the,
power source side. Sources of the FETs 31 to 33 are con-
nected to drains of the FETs 34 to 36, respectively. Sources of
the FETs 34 to 36 are connected to the ground. A U1 junction
37 between the FET 31 and the FET 34, which are paired, 1s
connected to one end of the U2 coil 14. A V2 junction 38
between the FET 32 and the FET 35, which are paired, 1s
connected to one end of the V2 coil 15. A W2 junction 39
between the FET 33 and the FET 36, which are paired, 1s
connected to one end of the W1 coil 16.

Current detection circuits 48 are formed of shunt resistors
and provided between the switching elements of respective
phases and the ground. Detection values outputted by the
current detection circuits 48 are stored 1n registers, which are
not shown, 1n the control circuit 50. Detection values of the
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s1X current detection circuits 48 are acquired at the same time.
The rotational position 0 of the motor 2 detected by the
rotation sensor 1s acquired also at this time.

Capacitors 49 are aluminum electrolytic capacitors, which
store electric charge and supplementarily supply electric
power to the FETs 21 to 26 and 31 to 36. The capacitors 49
also remove noise components such as surge current.

A battery 35 1s provided as a power source and connected
to the control unit 3 of the motor drive apparatus 1 through a
power supply wire 56. This wire 56 1s provided to supply
clectric power to the coil sets 18 and 19 of the motor 2. The
battery 55 supplies power to the first coil set 18 of the motor
2 through the first power supply relay 61 and the first inverter
circuit 20. The battery 55 also supplies power to the second
coil set 19 of the motor 2 through the second power supply
relay 62 and the second inverter circuit 30.

The first power supply relay 61 1s provided between the
battery 55 and the first inverter circuit 20. The second power
supply relay 62 1s provided between the battery 55 and the
second mnverter circuit 30. The power supply relays 61 and 62
are formed of MOSFETSs similarly to the switching elements
21 to 26 and 31 to 36. The power supply relays 61 and 62 are
power supply shut-off circuits for shutting off power supply
from the battery 20 to the mverter circuits 20 and 30, when
abnormality arises 1n the inverter circuits 20, 30, a pre-driver
52 or the like.

A first voltage application circuit 65 1s a part, which applies
a voltage to the first coil set 18 without passing through the
first inverter circuit 20. A second voltage application circuit
66 1s also a part, which applies a voltage to the second coil set
19 without passing through the second inverter circuit 30. The
first voltage application circuit 65 and the second voltage
application circuit 66 are formed of pull-up resistors, respec-
tively. The pull-up resistor has a resistance, which 1s equal to
a sum of resistances of two voltage dividing resistors forming
cach terminal voltage detection circuit 80.

A first relay output voltage detection circuit 71 1s provided
at the motor 2 side of the first power supply relay 61 and
detects a relay output voltage (referred to as a first relay
output voltage) VPIG1, which 1s developed at the output side
of the first power supply relay 61. Similarly, a second relay
output voltage detection circuit 72 1s provided at the motor 2
side of the second power supply relay 62 and detects a relay
output voltage (referred to as a second relay output voltage)
VPIG2, which 1s developed at the output side of the second
power supply relay 61. Each of the relay output voltage detec-
tion circuits 71 and 72 1s formed of two voltage dividing
resistors having the same resistance. The control circuit 50
acquires a voltage value outputted at a midpoint of the two
voltage dividing resistors of each of the voltage detection
circuits 71 and 72 and calculates the relay output voltage by
AD conversion.

A power source voltage detection circuit 73 1s provided
between the battery 35 and the control circuit 50. The power
source voltage detection circuit 73 1s formed of two voltage
dividing resistors having the same resistance. The control
circuit 50 acquires a voltage value outputted at a midpoint of
two voltage dividing resistors of the power source voltage
detection circuit 73 and detects a power source line voltage
VIG by A/D conversion.

Terminal voltage detection circuits 80 detect voltages

applied to the Ul coil 11, the V1 coil 12, the W1 coil 13, the
U2 coil 14, the V2 coil 15 and the W2 coil 16. The terminal
voltage detection circuit 80 1s provided 1n correspondence to
cach junction between a high-side FE'T (for example FET 21),
a low-side FET (for example FET24) and a coi1l (for example
coil 11) of each phase of the motor 2. Each circuit 80 for each
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phase 1s formed of two voltage dividing resistors having the
same resistance. The control circuit 50 acquires a voltage
value developed at the midpoint of the two voltage dividing
resistors through a low-pass filter (not shown), and calculates
a terminal voltage of each coil terminal by AD conversion.

A Ul terminal voltage MVUI1, a V1 terminal voltage
MVV1 and a W1 terminal voltage MV W1, which are termi-
nal voltages of the Ul coi1l 11, the V1 co1l 12 and the W1 coil
13, respectively, normally vary between OV and the firstrelay
output voltage VPIG1. Similarly, a U2 terminal voltage
MVU2, a V2 terminal voltage MVV2 and a W2 terminal
voltage MV W2, which are terminal voltages of the U2 coil
14, the V2 coil 15 and the W2 coil 16, respectively, normally
vary between 0V and the second relay output voltage VPIG2.

The control circuit 50 1s for controlling entirety of the
motor drive apparatus 1 and formed of a programmed micro-
computer. The control circuit 50 controls currents supplied to
the coils 11 to 16 of the motor 2 by controlling turn-on
(conduction) and turn-oif (non-conduction) of the FETs 21 to
26 and 31 to 36 through the pre-driver 52 based on detection
values outputted by the current detection circuits 48 and the
rotational position 0 of the rotor detected by the rotation angle
sensor. Thus, rotation of the motor 2 1s controlled. The pre-
driver 52 according to the first embodiment 1s formed of a
charge pump circuit. In FIG. 2, control lines from the control
circuit 50 and the pre-driver 52 are not shown for brevity. The
control circuit 50 performs failure check processing, which
checks failure of the first power supply relay 61 and the
second power supply relay 62 as well as wire-break failure
between the battery 55 and the power supply relays 61 and 62.

The failure check processing performed by the control
circuit 50 1s described with reference to a flowchart shown 1n
FIG. 3 on condition that the mnverter circuits 20 and 30 are
provided as two systems. The processing shown in FIG. 3 1s
performed after determining that a short-circuit failure, which
disables shut-off of power supply from the battery 35 side to
the first inverter circuit 20 side, 1s not present in the first power
supply relay 61 and that a short-circuit failure, which disables
shut-ofl of power supply from the battery 35 side to the
second inverter circuit 30 side, 1s not present either in the
second power supply relay 62.

At first step S101 (step 1s indicated simply as S hereunder),
the first power supply relay 61 and the second power supply
relay 62 are controlled to turn on. Specifically, gate voltages
are applied to the gates of the power supply relays 61 and 62.
The power supply relays 61 and 62 controlled to conduct at
this step corresponds to a conduction control shut-off circuit.

It 1s checked at S102 whether the first relay output voltage
VPGI1 1s different from 0 V (not 0V) and the second relay
output voltage VPG2 1s also different from O V. It 1s deter-
mined that power 1s supplied to the motor 2 side from the first
power supply relay 61, when the first power relay output
voltage VPIG1 1s different from O V. It 1s determined that
power 1s not supplied to the motor 2 side from the first power
supply relay 61, when the first power relay output voltage
VPIG1 1s 0 V. Similarly, 1t 1s determined that power 1s sup-
plied to the motor 2 side from the second power supply relay
61, when the second power relay output voltage VPIG2 1s
different from O V. It 1s determined that power 1s not supplied
to the motor 2 side from the second power supply relay 61,
when the second power relay output voltage VPIG21s O V. IT
it 15 determined that at least one of the relay output voltages
VPIG1 and VPIG2 15 0V (5102:NO), S104 1s executed. IT 1t 1s
determined that both of the relay output voltages VPIG1 and
VPIG2 are different from OV (S102:YES), 5103 1s executed.

It 1s determined at S103 that the wire 56 between the
battery 55 and the power supply relays 61 and 62 1s not

10

15

20

25

30

35

40

45

50

55

60

65

6

broken. It 1s further determined that the open-tfailure, which
disables the power supply relays 61 and 62 to conduct, 1s not
present and that the power supply relays 61 and 62 are normal.

At S104, which 1s executed 11 it 1s determined that at least
one of the relay output voltages VPIG1 and VPIG2 1s deter-
mined to be 0V (5102:NO), 1t 1s checked whether the first
relay output voltage VPIG1 1s 0V and the second relay output
voltage VPIG2 1s O V. If 1t 1s determined that one of the relay
output voltages VPIG1 and VPIG2 1s not 0 V (8104:NO),
S106 1s executed. IT 1t 1s determined that both of the relay
output voltages VPIG1 and VPIG2 are 0V (S104:YES), S105
1s executed. It 1s determined at S105 that the wire 56 between
the battery 35 and the power supply relays 61 and 62 1s
broken.

At S106, which 1s executed 1f 1t 15 determined that one of
the relay output voltages VPIG1 and VPIG2 1s not 0V (S104:
NO), 1t 1s checked whether the first relay output voltage
VPIG1 1s 0V and the second relay output voltage VPIG2 1s
different from OV (not 0 V). If the first relay output voltage
VPIG1 1s not 0V and the second relay output voltage VPIG2
1s 0V (5106:NO), S108 1s executed. If the first relay output
voltage VPIG1 1s 0 V and the second relay output voltage
VPIG2 1s different from OV (5106:YES), S107 15 executed.

It 1s determined at S107 that open-failure, which disables
the first power supply relay 61 to conduct, 1s present in the
first power supply relay 61. At S108, which 1s executed 11 1t 15
determined that the first relay output voltage VPIG1 1snot 0V
and the second relay output voltage VPIG2 1s 0 V (S106:NO),
it 1s determined that open-failure, which disables conduction
of the second power supply relay 62, 1s present 1n the second
power supply relay 61.

The motor drive apparatus 1 provides the following advan-
tages as described below.

(1)IT1t1s determined (S104:YES) that electric power 1s not
supplied to the motor 2 side from the first power supply relay
61 and the second power supply relay 62, which are con-
trolled to conduct, at the time when the power supply relays
61 and 62 are controlled to conduct (8101), it 1s determined
that the wire 56 between the battery 535 and the power supply
relays 61 and 62 1s broken. That 1s, 1t 15 determined that the
power supply relays 61 and 62 have no failure but the wire 56
1s broken (5105). Thus, location of the failure can be specified
accurately. In this 1nstance, 1t 1s only necessary to replace the
wire 56, which connects the battery 55 and the control unit 3
including the first power supply relay 61 and the second
power supply relay 62. It 1s not necessary to disassemble the
motor drive apparatus 1 for detailed inspection. Man-hour
required for speciiying the location of failure can be reduced.
According to the first embodiment, the location of failure 1s
specified based on the relay output voltages VPIG1. and
VPIG2 under a condition that the power supply relays 61 and
62 are controlled to conduct. Theretfore failure determination
can be performed 1n a short time. The failure location can thus
be specified speedily.

(2) I 1t 1s not determined (S104:NO) that the wire 56 from
the battery 35 to the first power supply relay 61 and the second
power supply relay 62 1s not broken under a condition (S102;:
YES) that power 1s not supplied to the motor 2 side from the
power supply relays 61 and 62, 1t 1s determined that the
open-failure, which disables conduction, 1s present in the
power supply relay 61 or 62, which 1s determined to be
incapable of supplying power to the motor 2 side (8106 to
S108). Thus, 1t can be determined accurately that the open-
tailure, which disables the power supply relays 61 and 62 to
conduct, 1s present 1n the power supply relays 61 and 62.

(3) If power 1s not supplied to the motor 2 side from all the
power supply relays 61 and 62, which are controlled to con-
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duct, 1t 1s determined that the wire 56 between the battery 55
and the power supply relays 61 and 62 i1s broken. There are
two power supply relays 61 and 62, which are controlled to
conduct. It electric power 1s not supplied to the motor 2 side
from more than one-half of relays controlled to conduct, that
1s, two power supply relays, such a situation 1s considered to
indicate that the wire 56 between the battery 35 and the power
supply relays 61 and 62 1s broken.

(4) The motor drive apparatus 1 1s applied to the electric
power steering system 100. Safety measure need be taken,
when failure 1s detected 1n the EPS system. If 1t 1s not possible
to specily whether the failure 1s of the wire 56 or of the control
unit 3, the wire 56 and the motor drive apparatus 1 are
replaced. However, 1t 1s possible to check whether the failure
1s a wire-break ol the wire 56 between the battery 55 and the
power supply relays 61 and 62 or open-failure of the power
supply relay 61 or 62. In some vehicles, component parts are
not arranged to enable easy repair such as replacement work
of failure parts. By accurately specifying the location of fail-
ure as in the first embodiment, the replacement work of failure
parts can be reduced.

According to the first embodiment, the control circuit 50
operates as a switching control part, a conduction state check
part, and a wire-break determination part. Further, 1n FIG. 3,
S101 corresponds to a function of the switching control part.
5102, S104 and S106 correspond to a function of the conduc-
tion state check part. S105 corresponds to a function of the
wire-break determination part. S107 and S108 correspond to
a Tunction of the open-failure determination part.

(Second Embodiment)

A motor drive apparatus according to a second embodi-
ment of the present mvention 1s described with reference to
FIG. 4 to FIG. 7. The second embodiment 1s different from the
first embodiment 1n failure check processing. That is,
although the failure check processing 1s described with
respect to a case, in which two systems of inverter circuits are
provided in the first embodiment, the failure check processing,
according to the second embodiment 1s described in case of
more than two systems of inverter circuits. Since the entire
configuration of the motor drive apparatus 1 1s similar to that
of the first embodiment except for a multiple systems of
inverter circuits, same description 1s omitted. A relay output
voltage of a N-th system 1s denoted as VPIG[N] in correspon-
dence to the first embodiment, 1n which the first relay output
voltage developed at the output side of the first power supply
relay 61 1s denoted as VPIG1. Similarly, flags or the like,
which are set for each of a plurality of systems in the follow-
ing processing, are also denoted as Fs[N], for example, by
attaching [N] at the end. Assuming that a total number of
systems of inverter circuits 1s M, integer numbers from 1 to M
are attached as system numbers. Since a power supply relay 1s
provided 1n each of inverter circuits, as many as M units of
power supply relays including the power supply relays 61 and
62 shown in FIG. 2 are provided.

According to the second embodiment, the control circuit
50 of the control unit 3 pertorms the failure check processing
shown 1n FIG. 4.

At first S200, short-circuit failure check processing 1s
executed to check whether a short-circuit failure 1s present 1n
the power supply relays. The short-circuit failure check pro-
cessing 1s described with reference to FIG. 5. At S201, all the

power supply relays are controlled to turn off. A system
number count N of a counter 1s mnitialized to N=1.

It 1s checked at S202 whether a relay output voltage VPIG
[N] of the N-th system 1s generally equal to a battery voltage
of the battery 55. Assuming that the battery voltage 1s 13.5V,
it 1s determined that the relay output voltage VPIG|N] 1s
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generally equal to the battery voltage when the relay output
voltage VPIG[N] 1s equal to or greater than a predetermined
value, for example, 13 V. If 1t 1s determined that the relay
output voltage VPIG[N] of the N-th system 1s generally equal
to the battery voltage (S202:YES), S203 is executed. If it 1s
determined that the relay output voltage VPIG[N] of the N-th
system 1s not generally equal to the battery voltage (S202:
NO), that 1s, 1t 1s determined that the relay output voltage
VPIG[N] of the N-th system 1s less than the battery voltage,
5204 1s executed.

At S203, which 1s executed if 1t 1s determined that the relay
output voltage VPIG[N] of the N-th system 1s generally equal
to the battery voltage (S202:YES), it 1s determined that a
short-circuit failure, which disables the power supply relay of
the N-th system to shut oif power supply from the battery 55
side to the mverter circuit side, 1s present. The short-circuit
failure flag Fs[N]=1 of the N-th system 1s set. At S204, which
1s executed 11 1t 1s determined that the relay output voltage
VPIG[N] of the N-th system 1s not generally equal to the
battery voltage (S202:NO), 1t 1s determined that a short-cir-
cuit failure, which disables the power supply relay of the N-th
system to shut off power supply from the battery 35 side to the
inverter circuit side, 1s not present. The short-circuit failure
flag Fs[N] of the N-th system 1s not set but 1s reset to Fs[N]=0.

At S2035, the system number count N 1s incremented. At
5206, 1t 1s checked whether the system number count N 1s
greater than the total number of systems M. It it 1s determined
that the system number count N 1s equal to or less than the
total number M (S206:NO), S202 1s executed again. That 1s,
by repeating execution of processing S202 to S205 same
number of times as the total number of systems M, it 1s
checked whether the short-circuit failure 1s present with
respect to each of the power supply relays provided 1n the
systems of inverter circuits, respectively. If 1t 1s determined
that the system number count N 1s greater than the total
number ol the systems M (S206:YES), the short-circuit check
processing 1s completed.

Referring to FIG. 4 again, it 1s checked at S210, which 1s
executed after the short-circuit failure check processing
(S200), whether there are two or more number of systems,
which have respective power supply relays having no short-
circuit. This check processing 1s performed by checking
whether there are two or more systems, for which the short-
circuit flag Fs 1s not set, that 1s, Fs[N]=0. If 1t 1s determined
that there are less than two systems, that1s, one system having
no short-circuit 1n the power supply relay (5210:NO), the
failure check processing i1s completed without executing
S220. I 1t 1s determined that there are two or more systems,
which have no short-circuit in the respective power supply
relays (S210:YES), 5220 15 executed.

At 5220, wire-break failure check processing 1s performed
as shown i FIG. 6 and FIG. 7. At S221, all the power supply
relays are controlled to turn on. The system number of count
N 1s mnitialized to N=1. Since all the power supply relays are
controlled to turn on, all the power supply relays controlled to
turn on correspond conduction control shut-off circuit.

At S222, 1t 1s checked whether the short-circuit failure flag
Fs[N] of the N-th system 1s set. If the short-circuit failure flag
Fs[N] 1s set (S222:YES), that 1s, Fs[N]=1, S228 1s executed
without executing S223 to S227. At S223, a wire-break check
target count Ct 1s incremented. That 1s, 1f the determination of
S222 1s YES, the wire-break check subject count Ct 1s not
incremented and 1s removed from the wire-break check tar-
get.
It 1s checked at S224 whether the relay output voltage
VPIG[N] of the N-th system 1s generally O V. For example, 1t
can be determined that the relay output voltage VPIG[N] of
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the n-th system 1s generally OV, 1t the relay output voltage
VPIG|N] of the N-th system 1s less than a sufficiently small
predetermined threshold value. Similarly to the first embodi-
ment, 1t 1s determined that power 1s not supplied to the motor
2 side from the power supply relay of the N-th system, if the
relay output Voltage VPIG[N] 1s generally 0 V. It 1s deter-
mined that power 1s supplied to the motor 2 side from the
power supply relay of the N-th system, 1f the relay output
voltage VPIG[N] 1s not generally O V. If 1t 1s determined that
the relay output voltage VPIG[N] of the N-th system 1s not
generally OV (8224:NO), 5227 1s executed. If 1t 1s determined
that the relay output voltage VPIG[N] of the N-th system 1s
generally 0V (S224:YES), S225 1s executed.

At S225, a non-conduction tlag of the N-th system 1s set to
Fd[N]=1. At S226, a non-conduction count Cd 1s 1ncre-
mented. At S227, which 1s executed 1f 1t 1s determined that the
relay output voltage VPIG[N] of the N-th system 1s not gen-
crally 0V (5§224:NO), the non-conduction flag Fd[N] 1s not
set and reset to Fd[N]=0

At S228, the system number count N 1s incremented. At
5229, 1t 1s checked whether the system number count N 1s
greater than the total number of systems M. If 1t 1s determined
that the system count Number N 1s less than the total number
of system counts M (5229:NO), 5222 is executed. That 1s, the
processing of S222 to S228 1s repetitively executed a number
of times corresponding to the total number of systems M so
that the power supply relay output conduction state 1s speci-
fied with respect to each of the systems. IT1t 1s determined that
the system count Number N 1s greater than the total system
number M (S229:YES), S230 1s executed.

At S230, 1t 1s checked whether the non-conduction count
Cd 1s greater than one-half of the wire-break check target
count Ct. If 1t 1s determined that the non-conduction count Cd
1s less than one-half of the wire-break check target count Ct
(S230:NO), that 15, Cd=Ct/2, S232 of FIG. 7 1s executed. If
the non-conduction count Cd 1s greater than one-half of the
wire-break check target counter Ct (S230:YES), that 1s,
Cd>Ct/2, S231 1s executed. At S231, 1t 1s determined that the
wire 56 between the power supply relay and the battery 335 1s
broken.

As shown 1n FIG. 7, at 8232, which 1s executed if the
non-conduction count Cd 1s equal to or less than the wire-
break check target count Ct (S230:NO), the system number
count N 1s 1ini1tialized to N=1. At S233, 1t 1s checked whether
the non-conduction flag Fd[\T] of the N-th system 1s set. If the
non-conduction flag Fd[N] 1s not set (S233:NO), that 1s,
FA[N]=0, 5235 15 executed. If the non-conduction flag Fd[N]
1s set (S233:YES), that 1s, Fd[N]=1, 5234 1s executed. At
S234, 1t 1s determined that the open-failure, which disables
the power supply relay to turn on, 1s present in the power
supply relay of the N-th system.

At S235, which 1s executed i1f the non-conduction flag
FA[N] of the N-th system 1s not set (S233:NO), 1t 1s checked
whether the short-circuit flag Fs[N] of the N-th system 1s set.
I1 the short-circuit failure flag Fs[N] of the N-th system 1s not
set (S235:NO), that 1s, Fs[N]=0, S236 1s executed. If the
short-circuit failure Fs[N] of the N-th system 1s set (S235:
YES), that 1s, FS[N] 1, S236 15 executed.

At S236, 1t 1s determmed that the short-circuit failure,
which disables power supply from the battery 55 to the
iverter circuit side, 1s present in the power supply. relay of
the N-th system. At S237, which 1s executed i1 the short-
circuit failure tlag Fs[N] of the N-th system 1s not set (5235:
NO), 1t 1s determined that the power supply relay of the N-th
system 1s normal.

At S238, the system number count N 1s incremented. It 1s
checked at S239 whether the system number count N 1is
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greater than the total system number M. If 1t 1s determined that
the system number count N 1s determined to equal to or less

than the total system count M (S239:NO), S233 15 executed.
That 1s, the processing of S233 to S237 is repetitively
executed a number of times, which corresponds to the total
number of systems so that the failure check 1s performed with
respect to each of the power supply relays. IT 1t 1s determined
that the system number count N 1s greater than the total
system number M (S239:YES), the foregoing processing 1s
completed.

Thus, the second embodiment provides the similar advan-
tages as (1), (2) and (4) of the first embodiment.

In addition, 1t 1s checked whether the short-circuit failure,
which disables shut-oil of the power supply from the battery
55 side to the inverter circuit side, 1s present 1n the power
supply relay with respect to each of the power supply relays
(5202 to S204). The power supply relay, which has the short-
circuit failure, 1s removed from target of check processing
performed to determine the wire-break of the wire 36
between the battery 55 and the power supply relays (8222,
S5223). Thus, it 1s possible to lower probability of erroneous
determination of the failure location and to determine more
accurately the wire-break of the wire between the battery 55
and the power supply relays.

It 1s determined that the wire 56 between the power supply
relays and the battery 55 1s broken (S231), 11 the power 1s not
supplied to the motor 2 side from the power supply relay
(5230:YES) 1n more than one-half of the power supply relays,
which are controlled to turn on and the wire-break check
targets excluding the power supply relay having the short-
circuit failure. Thus, 1t 1s possible to accurately determine that
the wire 56 between the power supply relay and the battery 335
1s broken. The wire-break check target count Ct and the
non-conduction count Cd are integers. Therefore, 11 the count
value Ct of the wire-break check target count 1s odd, Ct/2
corresponds to a predetermined number. If the count Ct of the
wire-break check target counter 1s even, Ct/2+1 corresponds
to a predetermined number.

The control circuit 50 corresponds to a switching control
part, a conduction state check part, a wire-break determina-
tion part, a removal part and an open-failure determination
part. S201 of FIG. 5 and S221 of FIG. 6 correspond to a
function of the switching control part, S202 and S224 corre-
spond to a function of the conduction state check part, S231
corresponds to a function of the wire-break failure determi-
nation part, S203 and S236 of FIG. 7 correspond to function
ol the short-circuit failure determination part, S222 and S223
correspond to a function of the removal part, and 5234 cor-
responds to a function of the open-failure determination part.

Other Embodiments

According to the foregoing embodiment, it 1s determined
that power 1s not supplied to the motor side from the power
supply relays, 1t the relay output voltage 1s generally OV atthe
time of controlling the power supply relay to turn on. Alter-
natively, 1t 1s possible to determine that power 1s not supplied
to the motor side from the power supply relays, 1f the relay
output voltage 1s less than a predetermined voltage value at
the time of controlling the power supply relay to turn on. The
predetermined voltage value may be set in correspondence to,
for example, the battery voltage or a pre-charge voltage.

According to the foregoing embodiment, it 1s checked
whether the power 1s supplied to the motor side from the
power supply relay side based on the relay output voltage
value detected by the relay output voltage detection circuit.
Alternatively, 1t 1s possible to check whether the power 1s
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supplied to the motor side from the power supply relay side
based on the terminal voltage value detected by the terminal
voltage detection circuit. It 1s also possible to check whether
the power 1s supplied to the motor side from the power supply
relay based on a current value in place of the voltage value. It
1s Turther possible to check whether the power 1s supplied to
the motor side from the power supply relay based on a current
detected by current detection circuit, which detects a current
supplied to the coils, for example, shunt resistors 1n the fore-
going embodiment.

According to the foregoing embodiment, 1t 1s checked
whether the power 1s supplied to the motor side from the
power supply relay by controlling all the power supply relays
to turn on. That 1s, all the power supply relays correspond to

the conduction control shut-off circuit. It 1s however not nec-
essary to control all the power supply relays to turn on as long
as a plurality of power supply relays are controlled to turn on.
In this mstance, only the power supply relays controlled to
turn on correspond to the conduction control shut-off circuit.
For example, 1t 1s possible to remove a power supply relay
having a short-circuit failure from power supply relays, which
are checked with respect to wire-break, by not controlling it to
turn on.

The threshold value, that 1s, a predetermined number,
which 1s used to check whether the wire has the wire-break
tailure or the power supply relay itself has the open-failure, 1s
not limited to more than one-half or all of the power supply
relays, which are targets to be checked with respect to wire-
break. The threshold value may be any value, which 1s two or
more not exceeding the number of power supply relays to be
checked with respect to the wire-break. For example, the
predetermined number may be set to a value, which 1s a
product of 24and the number of the power supply relays. The
predetermined number may also be two, for example, as far as
the open-failure do not arise 1n the two power supply relays at
the same time.

According to the foregoing embodiment, the voltage appli-
cation circuit 1s provided to apply a voltage to the coil set of
the motor without passing through the inverter circuit. The
voltage application circuit may however be eliminated. A
filter circuit may be provided between the battery and the
power supply relays to reduce noises. The filter circuit may be
formed of a radio noise coil and a power smoothing capacitor,
for example. In case that a capacitor 1s used in the filter circuat,
it preferably has smaller capacitance than a capacitor, which
1s provided 1n the mverter circuit.

According to the foregoing embodiment, MOSFETs are
used as the switching elements and the power supply relays.
However, any other elements may be used as far as they are
capable of switching over conduction and shut-oif of current.
Although the motor drive apparatus 1 has the motor 2 and the
control unit 3 for controlling drive of the motor 2, the control
unit 3 may be understood as the motor drive apparatus.
Although the motor drive apparatus 1s used 1n the electric
power steering system, the motor drive apparatus may be used
in other than EPS, for example, a hybrid apparatus, a power
window.

The present mvention 1s not limited to the foregoing
embodiments, but may be implemented i many other
embodiments.
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What 1s claimed 1s:

1. A motor drive apparatus for driving a motor having a

plurality of coil sets, the motor drive apparatus comprising:

a plurality of inverter circuits provided for each of the coil
sets Tor supplying electric power from a power source to
the coil sets:

a plurality of shut-ofl circuits connected to the power
source through a power supply wire and to the inverter
circuits for shutting off the power supply from a power
source side to inverter circuit sides; and

a control circuit including a switching control part, a con-
duction state check part and a wire-break determination

art,
‘[hep switching control part controlling switching-over of
conduction and shut-off of the shut-off circuits,
the conduction state check part checking whether the
power 1s supplied to a motor side from shut-off circuits
side with respect to each of the shut-off circuits, and
the wire-break determination part determining that the
wire between the power source and the shut-off circuits
1s broken, 11 more than a predetermined number of the
shut-oif circuits are determined to fail to supply power to
the motor side, when the plurality of shut-oil circuits are
controlled to turn on by the switching control part.
2. The motor drive apparatus according to claim 1, wherein
the control circuit further includes:
a short-circuit failure determination part that determines
with respect to each of the shut-oil circuits whether a
shot-circuit failure, which disables shut-oit of the power
supply from the power source side to the inverter circuits
side, 1s present; and
a removal part that removes the shut-oif circuit, which 1s
determined to have the short-circuit failure by the short-
circuit failure determination part, from the shut-off cir-
cuits, which are checked by the wire-break determina-
tion part whether the wire between the power source and
the shut-off circuits 1s broken.
3. The motor drive apparatus according to claim 1, wherein
the control circuit further includes:
an open-failure determination part that determines that an
open-failure, which disables conduction of the shut-off
circuits determined as not supplying the power to the
motor side by the conduction state check part, when the
wire-break determination part determines no wire-break
of the wire between the power source and the shut-off
circuits under a condition that the conduction state check
part determines that no power 1s supplied from at least
one of the shut-off circuits to the motor side.
4. The motor drive apparatus according to claim 1,
wherein:
the predetermined number 1s more than one-half of the
shut-oif circuits, which are controlled to turn on by the
switching control part.
5. The motor drive apparatus according to claim 1,
wherein:
the predetermined number 1s a total number of all the
shut-oil circuits, which are controlled to turn on by the
switching control part.
6. An electric power steering system comprising:
the motor drive apparatus according to claim 1.
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